Advances in 3 rd generation sequencing have opened new possibilities for 'benchtop' whole genome sequencing. The MinION is a portable device that uses nanopore technology and can sequence long DNA molecules. MinION long reads are well suited for sequencing and de novo assembly of complex genomes with large repetitive elements. Long reads also facilitate the identification of complex genomic rearrangements such as those observed in tumor genomes. To assess the feasibility of the de novo assembly of large complex genomes using both MinION and Illumina platforms, we sequenced the genome of a Caenorhabditis elegans strain that contains a complex acetaldehyde-induced rearrangement and a biolistic bombardment-mediated insertion of a GFP containing plasmid. Using ~5.8 gigabases of MinION sequence data, we were able to assemble a C. elegans genome containing 145 contigs (N50 contig length = 1.22 Mb) that covered >99% of the 100,286,401 bp reference genome. In contrast, using ~8.04 gigabases of Illumina sequence data, we were able to assemble a C. elegans genome in 38,645 contigs (N50 contig length = ~26 kb) containing 117 Mb. From the MinION genome assembly we identified the complex structures of both the acetaldehyde-induced mutation and the biolistic-mediated insertion. To date, this is the largest genome to be assembled exclusively from MinION data and 2 is the first demonstration that the long reads of MinION sequencing can be used for whole genome assembly of large (100 Mb) genomes and the elucidation of complex genomic rearrangements.
Introduction
Advances in Next Generation Sequencing (NGS) have ushered in a new era of whole genome analysis. The short sequencing reads generated by sequencing-by-synthesis NGS are well suited for resequencing complex genomes for which a reference sequence has been established.
However, short reads are poorly suited for de novo assembly of complex genomes in part due to repeat regions that generate highly discontinuous assemblies and require unique flanking sequences to position repeat elements. In many instances if a sequencing read does not completely span a repeat, either due to repeat size or physical properties of the repetitive DNA, it can not be unambiguously assembled into a contig. This can pose a problem for the de novo assembly of metazoan genomes where repetitive elements are common. For example, approximately 12% of the 100 Mb C. elegans genome is derived from transposable elements (Bessereau JL. 2006 ). As such, NGS is not optimal for sequencing and assembly of large novel genomes or genomes with numerous complex rearrangements such as those observed in tumour cells.
Third Generation Sequencing (TGS) technologies have increased read lengths 100 to 1000-fold compared to NGS platforms and therefore can span much larger repeat regions than NGS. The first major TGS platform was the Pacific Biosciences Single Molecule Real Time (SMRT) PacBio sequencing system. PacBio sequencing averages 10 kb read lengths and with consensus sequencing the error rate approaches that of NGS. In 2014, Oxford Nanopore Technologies (ONT) introduced the MinION nanopore sequencer. The MinION directly connects to a laptop or desktop PC via a USB3 port, is ~90 grams, and costs are for reagents only. The MinION works on the principle of nanopore strand sequencing (Deamer et al. 2016) . Briefly, a DNA strand is enzymatically unzipped and ratcheted through a membrane-inserted protein nanopore as a voltage potential is applied. As the DNA single strand translocates, the resulting changes in ionic current are measured and sequence calls produced corresponding to the identity of the 3 nucleotides via computationally inferred model fitting. When only one strand (template) from a duplex DNA molecule is read by the nanopore, the resulting sequence call is termed a 1D read (Jain et al 2016) . With certain library preparations an optional hairpin strand bridge provides the opportunity to sequence both strands of a dsDNA (template and complement) generating a 2D read, which results in a higher accuracy sequence call. MinION sequence read lengths range from several hundred bases to hundreds of thousands of bases, and are essentially limited by the DNA preparation type and delivery to the pore. Early versions of the MinION sequencing chemistry and base calling produced sequences with relatively high error rates (22-35%) when compared to both NGS (<2%) and PacBio TGS (10-15%). The high error rate combined with relatively low sequencing yields per flow cell (<1 Gb/flow cell) led some researchers to underestimate the potential for this technology. Recent advances in the MinION chemistry and base calling have greatly improved accuracy (5-10% error rate) and yield (2-5 Gb/flowcell) (J.
Tyson unpublished results). To date, most studies have used the MinION to sequence small genomes or to partially survey larger genomes to assess chromosomal structure and copy number variations (Loman et al. 2015 , Goodwin et al. 2015 , Norris et al. 2016 , Wei & Williams 2016 .
The long read lengths of this technology, combined with recent improvements in performance make the MinION a viable option for whole genome sequencing of complex metazoan genomes.
The Caenorhabditis elegans genome was the first metazoan genome to be completely sequenced (C. elegans Sequencing Consortium 1998) and is an excellent model genome for assessing new whole genome sequencing technologies. The C. elegans genome is complex with many different types of local and dispersed repeat sequences in both intronic and intergenic regions and only 27% of the genome residing in exons. Local repeats range from short repetitive sequences such as homopolymeric G tracts (Zhao et al. 2007 ) to large tandem repeats spanning tens of kilobases.
The most common dispersed repeats are derived from transposable elements and constitute approximately 12% of the genome (Bessereau 2006) . C. elegans transposons range in size from 1-3 kb and can confound genomic assemblies as transposon sequences are larger than NGS and Sanger sequencing reads resulting in ambiguous mapping positions. The assembly of the C. elegans reference genome was made possible by the construction of a high quality physical map of cosmids and yeast artificial chromosomes (Coulson et al. 1988; Coulson et al. 1995; Coulson et al. 1991) , which were individually shotgun sequenced and manually finished to bridge gaps and ambiguous regions to generate a complete high quality reference genome (C. elegans Sequencing Consortium 1998). The high-quality reference genome has facilitated studies using NGS re-sequencing to aid identifying new mutants and analysing mutational profiles (Thompson et al. 2013; Meier et al. 2014) . Nevertheless, the potential for assembly discrepancies using NGS in sequence determination remain and NGS is not optimal for de novo genome assembly or understanding large structural alterations such as those associated with cancer and complex genetic disorders.
Here, we report the sequencing and de novo assembly of a 100 Mb C. elegans genome exclusively from MinION reads. For comparison, we used both MinION and Illumina platforms to sequence the genome of a C. elegans strain containing both a complex genome rearrangement generated by acetaldehyde mutagenesis and a ballistic-mediated insertional event of a GFPcontaining plasmid (him-9(e1487);ruIs32). The de novo assembly of MinION data generated a remarkably complete genome in 145 contigs that cover >99% of the reference genome with an N50 contig length of 1.22 Mb. Furthermore, the sequence assembly elucidated the complex structure of the rearrangement and insertion events that were not readily apparent in the Illumina data. The strategy of comparison to Illumina data was however useful to improve the sequence accuracy of the MinION assembly. Together, this hybrid sequencing approach generated a physical map with high sequence accuracy and further represents the largest genome assembled exclusively from MinION data.
Materials and Methods

Nematode culture and DNA extraction
Nematodes were cultured as previously described (Brenner 1974) . The him-9(e1487) II; ] III strain was constructed by mating CB1487 him-9(e1487) males to AZ212 unc-119(ed3) ruIs32 III hermaphrodites. F1 heterozygotes were selfed and him-9; ruIs32 homozygotes isolated. Worms were grown to starvation for sequencing on NGM plates and harvested by washing with M9 buffer and pelleted in 15-ml centrifuge tubes.
Buffer was removed by two washes with sterile distilled water, centrifugation and aspiration. 
Library Preparation and MinION Sequencing
The Chip84-Chip90 MinION flowcells were run using libraries prepared with the SQK-NSK007 Nanopore Sequencing Kit R9 version. Chip94 & Chip95 libraries were prepared using the SQK-RAD001 Rapid Sequencing Kit I R9 version. The standard protocols from Oxford Nanopore Technologies were used with the following modifications. For SQK-NSK007 libraries, purification of DNA after the FFPE treatment step was done using 0.4x AMPureXP beads. Prior to adapter ligation each elution step off the AMPureXP beads was performed using 10 mM Tris pH 8.0, instead of water, at 37 o C for 5 mins. The starting amounts of gDNA ranged between 0.8 μg and 2.0 μg (see Table S1 for details). Priming of individual flowcells with running buffer (2x 500 μl) and sequencing library top ups (150 μl) were performed at times detailed in Table 1 .
Flowcells were run for ~48 hrs using custom device tuning scripts. The tuning scripts provide event yield monitoring aimed at maintaining data throughput through initiation of a maximal pore channel assignment/usage strategy and optimal bias-voltage selection via methods outlined below.
Modified MinION running scripts
After initial start of a MinION sequencer run using the standard ONT sequencing scripts, MinION sequencing control was shifted to a custom MinKNOW MinION script to enhance pore utilisation and increase data yields. This custom script adjusted a number of run/flowcell metrics and parameters including-1) Initiation of a bias-voltage re-selection and active pore re-population into active channels when the hourly event yields falls below a threshold. This threshold was set at 67% of the first hour of each particular sequencing segment, and generally ran for 2-5 hours per segment. 6 2) Identifying the bias-voltages that provide the greatest number of active pores by scanning a voltage range (20-30 mV in increments of -10 mV) and using this for active pore channel reassignment. A newly selected bias-voltage acts as the starting point for subsequent scans, and provides an active pore "tracking" ability as the required bias-voltage magnitude increases during a run with the electrochemical gradient decay of individual wells. This re-assignment also provides access to the full 2048 possible wells repeatedly throughout a run.
3) Selecting a lower magnitude bias-voltage wherein the active pore numbers are within 10% of the peak voltage. Keeping greater pore numbers active using these approaches results in wells/pores running for different periods of time and the bias-voltage requirement to drive the same current through a pore increase and diverge with use. This is because the electrochemical gradient of active wells/pores decays at a greater rate than that of inactive wells/pores. By using off peak, lower magnitude bias-voltage selection, a measure of pore population containment or "shepherding" is provided by moving lower magnitude voltage requiring pores into the rest of the population. 
Base-calling MinION Sequencing Reads
All reads generated from the MinION sequencing device were base-called using the cloud-based
Metrichor service provided by Oxford Nanopore. Details of specific versions can be found in Table S1 for the different runs. DNA sequences were extracted from individually called reads using simple python scripts and combined in a single fasta file format of a particular strand sequence type. Runs using the SQK-NSK007 (2D) kit generated template and a fraction of complement and 2D sequence from individual reads. SQK-RAD001 (1D) Library runs generated template (1D) reads. Filtering based on a quality metric by Metrichor divided the reads additionally into 'pass' and 'fail' categories. Some or all these sequence containing files for each run were then used for genome assembly as indicated.
Genome assembly and evaluation
SPAdes Illumina assembly
For Illumina data, low quality bases were trimmed from both ends using seqtk (lh. lh3/seqtk.
GitHub Available at: https://github.com/lh3/seqtk. (Accessed: 26th November 2016)). The threshold used for trimming was a quality score of 30. We performed an Illumina only assembly using SPAdes (Nurk et al. 2013) in its default settings with kmer sizes 21, 51, and 71. The number of threads used was 32 with a memory of 156 GB.
Canu nanopore assembly
We pooled all the nanopore data (pass and fail; 1D and 2D) and filtered out reads below a size of 1 kb to avoid overlap detection issues. The remainder of reads (~6.03 gigabases) were assembled using Canu (Koren et al. 2016) in its default settings.
Assembly correction
The Canu assemblies were corrected using Pilon (Walker et al. 2014 ) using recommended settings to polish for variants and homopolymers. We did not perform quality filtering on the Illumina data and all of the ~8.04 gigabases of short read sequence was used.
Nanopore data and assembly evaluation
Nanopore reads and assemblies were evaluated by alignment against the reference worm genome using marginAlign version 0.1 (with BWA-MEM (Li 2013)) (Jain et al. 2015) . Alignment and error statistics were computed using marginStats version 0.1 (Jain et al. 2015) . To better estimate the errors for nanopore data, we improved the alignments using marginAlign EM (Jain et al. 2015) . We also performed secondary evaluations using LASTZ alignments to align draft assemblies against the reference.
We evaluated the assembly quality by using QUAST (Gurevich et al. 2013 ) with recommended settings and the reference worm genome. We compared changes in indels and mismatches for the Canu assemblies before and after Pilon correction. We evaluated the assemblies based on: 1) the total number of aligned bases in the assembly; 2) the number of mismatches; and 3) the total number of bases contained in indels.
Results
Sequencing a C. elegans strain with complex rearrangements
To assess the feasibility of using MinION sequencing to both generate de novo whole genome assemblies of large genomes and delineate complex rearrangements, we constructed for sequencing a C. elegans strain, him-9(e1487) II; ] III, that contained two homozygous complex rearrangements. The him-9(e1487) mutation was induced by acetaldehyde mutagenesis (Hodgkin et al. 1979) and is a complex duplication and insertion event that disrupts the predicted C. elegans XPF orthologue xpf-1 (Youds et al. 2006) . Previous analysis of him-9(e1487) determined that the insertion contained duplicated sequence from the mab-3 gene (N.J. O'Neil, unpublished data). However, the complex nature of the mutation stymied attempts to determine the exact structure of the rearrangement. The ruIs32 insertion is a low-copy number insertion that was generated by (Table 1 ).
Significant improvements in the 1D sequence quality of individual reads was observed when comparing R9.3 to R9.0 ( Figure S1 ). This evolution on a path to the present day R9.4 pore provided significant advances in the simpler production of higher quality 1D reads approaching the percentage read identity of the previous generation 2D reads. Nanopore read quality was measured by alignment to the C. elegans reference genome. The median identity for pass 1D 
MinION generated contigs unambiguously assigned transposon locations
To assess the quality of the assembly with respect to repetitive elements, we compared the number and position of Tc1 transposons in the him-9; ruIs32 MinION generated contigs to the previous data, the insertion was larger than previously anticipated. In addition to the mab-3 duplicated region, the insertion also included an inverted repeat of part of the mab-3 duplication and the second exon of xpf-1, resulting in a much larger, more complex insertion than expected ( Figure 4A ). We were able to use paired end reads and copy number variations in the Illumina data to confirm the multiple breakpoints and copy number variations of the mab-3 region ( Figure   4B ).
The biolistic-mediated insertion was located on contig tig00000045, which aligned to the right arm of chromosome III consistent with the published location for ruIs32 (Wormbase). From the MinION read assembly, it appears that the insertion contains three copies of the Ppie- Figure 4A : Schematic of the 40kb complex insertion of mab-3 region into the xpf-1 gene. The insertion is in contig 1766. The insertion is an inverted repeat.Shown below are selected MinION reads mapping to the region spanning the various breakpoints. (chrIII:10, 062, 973, 739) from the region near the insertion site (Figure 2) . Given the position of the insertion, the wild type unc-119 transgene should be genetically linked to the unc-119(ed3) mutation and should not be lost through outcrossing. Indeed, we were able to ascertain both the mutant and two wild type transgenic alleles of unc-119 from the MinION contigs ( Figure 5C ). We demonstrate here that the sequencing and de novo assembly of a large, low percent-GC (35.44), complex metazoan genome can be accomplished using MinION technology. We were able to assemble a near complete C. elegans genome with large contigs from less than 60-fold sequence coverage. MinION sequence read quality has increased to a level that 1D reads now achieve error rates <10% and result in more unique reads per flow cell.
Discussion
Despite having higher error rates than NGS data, nanopore reads could be assembled into contigs with high concordance to the reference sequence. While consensus sequencing corrects for random sequencing errors, not all sequencing errors generated by MinION are random.
Presently, MinION reads do not discern homopolymeric nucleotide tracts longer than 5 nucleotides. Consistent with this deficiency, the MinION assembled contigs did not contain any of the 396 >18 mer G-tracts known to be present in the C. elegans genome (Zhao et al. 2007 ).
Pilon can improve the identity of homopolymeric tracts but not completely. Although homopolymeric runs were truncated in the MinION reads, the quality of sequence in their flanking regions was not affected. Illumina sequencing was more effective in sequencing homopolymeric tracts although we observed that Illumina reads were also affected by large Gtracts with lower read coverage in regions spanning G-tracts. Improvements in the ability to detect homopolymeric sequences from nanopore data are anticipated near-term.
For the purposes of this analysis, we assembled the genome using Canu alone and did not use manual finishing methods to bridge contigs. Assembled contigs were very large with an N50 contig size >1 Mb. A more contiguous genome assembly could be generated from the same data by using manual finishing approaches to bridge contigs. For example, it is clear from the LASTZ alignment that many of the contigs contain sequence overlaps between adjacent contigs. The genome assembly could be made more complete using long reads that extend from the ends of the contigs to find potential links between existing contigs resulting in a more contiguous genome assembly. The genome assembly could also be improved by changing the quality of the DNA sample before sequencing. Contig breakpoints were often in regions containing repetitive regions that were larger than the average read length. Increasing the number of reads longer than these repeat regions will facilitate the spanning of these regions. This could be accomplished by sequencing deeper or by preparing the genomic DNA to favour the formation of larger fragments.
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Chromosome rearrangements are common in tumours and the identification of rearrangements is important for tumour characterization and treatment. Detecting chromosome rearrangements such as duplications, deletions and translocations pose challenges for sequencing-based approaches. NGS can detect copy number changes and identify potential breakpoints. However, complex rearrangements with multiple breakpoints and duplications can prove difficult to reassemble from NGS reads. We demonstrate that long MinION reads provide context for assembly of duplicated rearranged sequence and can delineate complex chromosome rearrangements. MinION long reads offer the opportunity to cheaply identify genome rearrangements in tumours including the highly complex chromothripsis events which result in thousands of clustered localized chromosomal rearrangements (Leibowitz et al. 2015) . Illumina sequencing currently can delineate the structure of novel genomes with higher baselevel certainty. Alternative techniques, for example, using nanopore only event based correction methods (Loman et al. 2015) , offer improved accuracies independent of hybrid NGS sequence correction. Combining this with future improvements in basecaller performance is anticipated to further remove the need for SBS in regard to high sequence accuracy. Discontinuities are due to contigs mapping to two different chromosomes. We have included these hybrid contigs on both chromosomes to allow for alignment. These hybrid contigs are most likely the result of contig assembly errors in highly repetitive regions. 
